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Abstract
In this paper authors research the problem of modeling side-scan sonar signal in a ﬂuctuating ocean. Based on the non-stationary
radiation transfer equation, the kinetic model is used. It describes of signal propagation in the medium. In the assumption of single
scattering in the ocean formulas for useful and noise signals are deduced. They takes into account of slight variations in topography
of seabottom.
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Introduction
Nowadays the problem of seabottom topography with using a side-scan sonar (SSS) is very relevant and perspec-
tive, e.g. Ageev et al. (2013). The SSS transmits impulse sound parcels periodically and detects reﬂecting signal from
the seabottom. An acoustic image is formed on both sides of SSS along its path.
It worth to note in some papers for the seabottom map construction the main assumption is ﬂat bottom (see, e.g.
Anikonov et al. (2011) or Prokhorov and Sushchenko (2015)). In this paper authors solve more complicated problem
in which seabotom is some slightly various function. The main goal is modeling of received signal on the SSS vehicle.
The problem is considered in the case when volume scattering in the ocean aﬀects to the probing process signiﬁ-
cantly. The kinetic model includes this physical eﬀect. This model based on the evolution integro-diﬀerential transfer
equation with relevant boundary and initial conditions by Prokhorov and Sushchenko (2014), and Prokhorov et al.
(2015). Using this model the direct problem of modeling signal from SSS is formulated. It allows to measure received
signal from the relief seabottom and noise which describes volume scattering in the ocean. For received and noise
signals the equations are deduced. Numerical experiments are done for analyzing of this formula.
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1. Problem Formulation
Propagation of acoustic waves on the tens order kHz frequencies in the ﬂuctuating ocean is described by radiation
transfer equation by Prokhorov (2012):
1
c
∂I
∂t
+ k · ∇r I(r, k, t) + μI(r, k, t) = σ4π
∫
Ω
I(r, k′, t)dk′ + J(r, k, t), (1)
here r ∈ R3, t ∈ [0, T ], and wave vector k belongs to unique sphere Ω = {k ∈ R3 : |k| = 1}. The function I(r, k, t)
denotes the density of wave energy in time t in coordinate r which is propagated in the derection k with velocity c.
The constants μ and σ denote attenuation and scattering coeﬃcients, respectively, and the function J describes of
sources of wave ﬁeld.
Sonar signal is propagates in the medium
G = {r ∈ R3 : r3 > −l + u(r1, r2)}.
G denotes top semispace which is bounded by the plane γ = ∂G = {y ∈ R3 : y3 = −l + u(y1, y2)}, here u(y1, y2)
describes topography various in the seabottom.
Further, J describes the isotropic sound sources which moves in the space with constant velocity V in the direc-
tion r2. It transmit the impulse parcels in times t0, t1, ..., tm with powers J0, J1, ..., Jm, respectively. In this case J is
formulated as
J(r, k, t) = δ(r − Vt)
m∑
i=0
Jiδ(t − ti), V = (0,V, 0), (2)
here δ denotes Dirac delta-function.
Let
Γ± = {(y, k, t) ∈ γ ×Ω±(y) × (0, T )} ∪ {(Vt, k, t), k ∈ Ω, t ∈ (0, T )},
here Ω±(y) = {k ∈ Ω : sgn(n(y) · k) = ±1}, and n(y) denotes a unique normal vector on the boundary of G. Note
I|Γ± (y, k, t) = lim
→−0
I(y ± k, k, t ± ).
In the moment t = 0 sound sources in the medium is absent. Hence, there is initial condition
I|t<0 = 0, (3)
Reﬂection properties of the seabottom is deﬁned by diﬀusion reﬂection only. Hence, the bottom boundary condition
for (1) is
I|Γ− (y, k, t) = σd4π
∫
Ω+(y)
I|Γ+ (y, k′, t)dk′, y ∈ γ, (4)
here σd denotes bottom scattering coeﬃcient.
The system (1), (3), (4) is initial-boundary value problem for identifying I in the medium G.
Authors add to the system (1), (3), (4) following equations
∫
Ω
S +(k)I|Γ+ (Vt, k, t)dk = I+(t),
∫
Ω
S −(k)I|Γ+ (Vt, k, t)dk = I−(t), (5)
here S +(k) = 0 if k ∈ {k ∈ Ω : k1 > 0}, and S −(k) = 0 if k ∈ {k ∈ Ω : k1 < 0}. The function S +(k) determines the
radiation pattern for the starboard side of the antenna carrier, and S −(k) determines the pattern for the port side. The
functions I+(t), I−(t) denote summarize intensity for the starboard and port side along the path of vehicle. It worth to
note a location of receiving antenna is location of radiation source. Thereby, physically, receiving and transmitting
antenna placed on the same underwater vehicle which moves along trajectory r = Vt, t > 0.
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2. Assumptions
The main assumptions on the input data and unknown functions for (1),(3)—(5)are formulated. Let ε > 0 denotes
several small parameters. For the coeﬃcients σ,σd,V, c authors assume
σ = O(ε), σd = O(ε), (6)
V/c = O(ε), (7)
exp(−μc(ti+1 − ti)) = O(ε), i = 0, ...,m − 1. (8)
u is continuously diﬀerentiable function and satisﬁes to following conditions
u = O(ε), (9)
u′y1 = O(ε
2), u′y2 = O(ε
2) (10)
for any y1  0 inequality is correct
u′y1 (y1, y2)(l − u(y1, y2))  y1. (11)
3. The Signal Explanation
The solution of (1),(3)—(5) is
I±(t) =
∫
Ω
S ±(k)I|Γ+ (Vt, k, t)dk = I±γ (t) + I±G(t), (12)
here
I±γ (t) =
∫
Ω
S ±(k)I0|Γ+ (Vt, k, t)dk + σd4π
∫
Ω
S ±(k) exp(−μd(Vt,−k))×
×
∫
Ω+(Vt−d(Vt,−k)k)
I0|Γ+ (Vt − d(Vt,−k)k, k′, t − d(Vt,−k)c )dk
′dk, (13)
I±G(t) =
σ
4π
∫
Ω
S ±(k)
d(Vt,−k)∫
0
exp(−μt′)
∫
Ω
I0
(
Vt − t′k, k′, t − t
′
c
)
dk′dt′dk, (14)
here d(r,−k) denotes a distance between r ∈ G and boundary of G in the direction −k.
It worth to note the condition (11) for area parameters μ, c and parcels periods t − ti allows to neglect of previous
parcels intervals i, i < j. The condition (7) allows to neglect of terms which include V2/c2. Thus, using all assumption
(6)—(11) from (12)-(13) authors get
I±γ (t) =
σd
4π
J j exp(−μc(t − t j))
(t − t j)
∞∫
−∞
S ±
(
Vt − y
|Vt − y|
)
(l − u(y1, j, y2))dy2
|y − Vt j||Vt − y|2|y1, j| , (15)
I±G(t) =
σ
4π
J j exp(−μc(t − t j))
(t − t j)
∞∫
−∞
+∞∫
−l+u
S ±
(
Vt − x
|Vt − x|
)
dx2dx3
|x − Vt j||Vt − x||x1, j| , (16)
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here the functions y1, j x1, j satisfy to
y21, j + (Vt − y2)2 + (l − u(y1, j, y2))2 =
(
V
c
(Vt − y2) + c(t − t j)2
)2
, (17)
x21, j + (Vt − x2)2 + x23 =
(
V
c
(Vt − x2) + c(t − t j)2
)2
, (18)
here |y − Vt|, |y − Vt j| are the following forms
|Vt − y| =
∣∣∣∣∣Vc (Vt − y2) +
c(t − t j)
2
∣∣∣∣∣ , |y − Vt j| =
∣∣∣∣∣Vc (y2 − Vt) +
c(t − t j)
2
∣∣∣∣∣ . (19)
The distances |x − Vt|, |x − Vt j| represent the analogical form as (18).
The directivity pattern depends on characterization functions in each direction:
S ±(k) = χ1(∓k1)χ2(k2)χ3(k3), (20)
here χ1(k1) denotes a characteristic function of interval [0, cos(β)
√
1 − k23], χ2(k2) — a characteristic function of inter-
val [− sin(β)
√
1 − k23, sin(β)
√
1 − k23], χ3(k3) – a characteristic function of interval [cos(α1), cos(α2)]; where (α1, α2)
denotes angle range of the directivity pattern in the direction r1; 2 · β denotes angle of the directivity pattern in the
direction r2.
4. Numerical Experiment
For numerical experiment authors use real area parameters for modeling of useful and noise signals (Table 1). The
simulation of integral in (14)—(15) is computed by the Monte Carlo method (see Kovtanyuk et al. (2012), Prokhorov
(2013), or Kovtanyuk et al. (2010)).
Table 1. Sounding parameters.
μ,m−1 σ,m−1 σd t j+1 − t j, s c,m/s J l,m u,m α1,◦ α2,◦ β,◦
0.018 0.0018 1 0.4 1500 1 10 sin(y1, j) 150 91 0.5
Fig. 1. Iγ(t) — solid line; IG(t) — dot line.
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It worth to note Iγ(t) denotes useful signal, and IG(t) denotes the noise which describes volume scattering in the
ocean. Fig. 1 is shown the volume scattering in the ocean has a big inﬂuence on summary signal. This eﬀect has
already been visible at time 0.068 s which corresponds to signal from the distance 51 m.Hence, taking to account the
volume scattering allows processing signal from the big distances. If this signal will consist additional noise then the
recognizing the signal after 50 m is not possible without volume scattering ﬁlter.
Conclusion
Thus, authors analyze the theoretical and numerical aspects of inﬂuence of volume scattering in the ocean on the
signal from SSS. In the approximation of a single scattering and the relief bottom the formulas for useful and noise
signal are deduced. Numerical experiment with real area parameters are done. Experiments prove a big inﬂuence of
volume scattering on the transmitting signal.
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